A co-culture system for bovine embryos using mitomycin-treated Vero cells and serum\x=req-\ supplemented modified synthetic oviduct fluid (mSOF) supports the development of in vitro maturation and fertilization-derived oocytes to hatched blastocysts. In this system, it has been suggested that one contribution made by the co-culture cells to embryo development is production of the cytokine leukaemia inhibitory factor (LIF). However, there are concerns about exposure of early embryos to serum due to its incompatibility with embryo cryosurvival. In this study, the influence of two protein supplements (synthetic serum substitute (SSS), a lipid-free human serum-derived product) and oestrous cow serum (ECS)) on Vero cell LIF secretion was compared, with the aim of designing a co-culture system that is supportive of bovine embryo cryopreservation. 
Introduction
Carnegie et al. (1997) reported a co-culture protocol for bovine embryos using mitomycin-pretreated Vero cells that consistently provided rates of blastocyst and hatched blastocyst formation from in vitro maturation and fertilization (IVM/IVF)-derived oocytes of > 40%. Vero cells are a line of Green monkey kidney epithelial cells that improved the in vitro development of human embryos (Menezo et ah, 1990) and resulted in more pregnancies after embryo transfer (Menezo et ah, 1992) . Furthermore, co-culture of bovine embryos with non-proliferating, rather than proliferating, Vero cell monolayers resulted in higher rates of development to hatched blastocysts (Carnegie et ah, 1997) . This was probably due, at least in part, to the fact that these cells remained at a constant cell density throughout the 7-10 day co-culture period and were not competing with the developing embryos as vigorously as would proliferating cells for nutrients present in the culture medium. It was also suggested that the co-culture cells may improve in vitro embryonic development as a result of production of the cytokine leukaemia inhibitory factor (LIF) (Carnegie et ah, 1997) .
LIF is present in the mouse uterus at embryo implantation (Stewart et ah, 1992) and both promotes the development to hatched blastocysts of murine eight-cell embryos and supports trophoblastic outgrowth (Lavranos et ah, 1995) . Vogiagis et ah (1997) reported the presence of this cytokine in ovine endometrium of early pregnancy as well as in day 17 trophoblastic tissue. Furthermore, LIF increased the viability of cultured ovine morulae and blastocysts (Fry et ah, 1992) , promoted the development of bovine embryos during serum-free culture (Fukui and Matsuyama, 1994) and increased the cryotolerance of bovine blastocysts (Han et ah, 1995) . LIF is secreted by mitomycin-pretreated Vero cells (Carnegie et ah, 1997) .
On the basis of the observed beneficial effects of LIF on embryo viability and cryotolerance, the aim of this study was to develop a co-culture protocol that was maximally supportive of Vero cell LIF production during blastocyst formation. The overall aim was to produce embryos capable of surviving the stresses of cryopreservation and subsequent thawing and embryo transfer. The influence of two different protein supplements on the secretion of LIF by proliferation- (Carnegie et ah, 1997) .
The time course of LIF secretion during culture with each of the protein supplements was investigated to determine changes in the concentration of LIF to which embryos might be exposed during co-culture. In addition, the rates of blastocyst formation and post-thaw in vitro hatching of embryos obtained using Vero cell co-culture in the presence of SSS and ECS alone or in combination were compared. Finally, pregnancy rates were compared after the transfer of IVM/IVF-derived fresh versus frozen-thawed blastocysts into synchronized recipients using blastocysts from the coculture protocol determined to be optimal on the basis of in vitro criteria. prepared by Percoli discontinuous gradient centrifugation (Hasler et ah, 1995) . Semen collected from a single bull was used for all experiments; the insemination medium was Tyrode's medium (TALP) + 6 mg BSA ml"1,2 pg heparin ml-1, 20 pmol penicillamine I"1,10 pmol hypotaurine l"1 and 2 pmol epinephrine l"1 (Miller et ah, 1994 (Fig. 2 versus Fig. 1 ). and 72 h of culture was 27% (P < 0.05) and 22% (P < 0.01), respectively, of that measured in Vero cell-conditioned ECSsupplemented mSOF (Fig. 3) .
Materials and Methods

Maintenance of Vero cells
Influence of co-culture conditions on embryo viability with or without cryopreservation Table 3 ). This percentage of in vivo embryo viability was at least as high (P > 0.05) as that obtained using fresh embryos (48%; Table 3 ). In the first group of embryos (n = 29), fetal sex determination at day 60 revealed an equal distribution (P > 0.05) of males (56 and 46%) and females (44 and 54%) for the fresh and frozen transfers, respectively.
Discussion
The in vitro production of embryos is a valuable tool for the dairy and beef industries when these embryos can establish viable pregnancies and produce healthy calves after cryostorage. Unfortunately, in uzfro-derived bovine embryos are more easily damaged by cryopreservation than those developed in vivo (Leibo and Loskutoff, 1993; Massip et ah, 1995) . It was proposed that a potential contributor to the reduced freezing tolerance was exposure to serum-derived lipid during the 7 days required to yield blastocysts (Shamsuddin et ah, 1994; Shamsuddin and RodriguezMartinez, 1994; Dobrinsky, 1996) . Indeed, as has been reported by others (Shamsuddin et ah, 1994; Shamsuddin and Rodriguez-Martinez, 1994; Semple et ah, 1995) , in the present study, bovine embryos produced under serum-free culture conditions had higher post-thaw survival and hatching rates than those produced in serum supplemented media. Bovine embryos produced by culture in the presence of serum have a lower buoyant density than those developing in vivo, a feature that has been attributed to a higher intracellular lipid content (Leibo and Loskutoff, 1993) . Furthermore, the removal of lipid from pig and bovine embryos before freezing reduced embryo chilling sensitivity and increased post-thaw survival rates (Nagashima et ah, 1994 (Nagashima et ah, ,1995 Leibo et ah, 1995; Diez et ah, 1996) . However, the absence of serum has also been associated with reduced rates of in vitro bovine embryo development to blastocysts (Shamsuddin and Rodriguez-Martinez, 1994; Semple et ah, 1995) as well as a lower number of cells per blastocyst (Dinnyes et ah, 1996) . The aim of the present study was to modify an established Vero cell co-culture protocol (Carnegie et ah, 1997) to combine a high tolerance of cryopreservation with reasonable in vitro rates of formation of viable blastocysts.
SSS, a 6% human protein solution that was specifically designed as a supplement for the culture of human embryos, increased the in vitro rates of development of both mouse and human embryos (Weathersbee et ah, 1995; Desai et ah, 1996) . It has been suggested that the beneficial effect of SSS may be due, at least in part, to the polyhydroxyl domains of the globulins that bind water and convey weak gel-like properties to the microenvironment surrounding the developing embryos (Weathersbee et ah, 1995) . This saline solution of HSA plus primarily a-and ß-globulins contains no lipid component (Weathersbee et ah, 1995) and has been associated with high post-thaw survival of human embryos (T Pool, personal communication) . Although, in the present study, embryos cultured for 7 days in mSOF supplemented with SSS alone showed rates of post-thaw viability in excess of 60%, the overall rates of cryopreservable embryo production were decreased by inadequate support of the morula-blastocyst transition by SSS at either 2% (this study) or 10% (J. A. Carnegie, unpublished) . However, although embryos exposed to ECS throughout their development from zygotes to blastocysts showed minimal cryotolerance, the addition of ECS to SSS-supplemented mSOF beginning on day 4 of co-culture not only restored the blastocyst formation rate (to almost 50%) but also produced blastocysts that could be frozen successfully.
In addition to limiting exposure to serum-derived lipid until most embryos had progressed well beyond the four-cell stage, this two-step protocol for the production of cryopreservable blastocysts may also derive its success from the influence of the different culture supplements on the amount of LIF secretion by the Vero cell feeder layer. LIF is secreted by both human and murine uterine endometrial tissue at blastocyst hatching and implantation (Bhatt et ah, 1991; Shen and Leder, 1992; Charnock-Jones et ah, 1994; Kojima et ah, 1994; Cullinan et ah, 1996) . Furthermore, the presence of LIF receptor mRNA in human blastocysts has been demonstrated by RT-PCR (Charnock-Jones et ah, 1994) and a role for LIF in stimulating blastocyst implantation was proposed on the basis of a measured stimulatory influence of this cytokine on the differentiation of purified human cytotrophoblasts toward an anchoring trophoblastic cell phenotype that expresses fibronectin (Nachtigall et ah, 1996) . In addition to promoting the viability of ovine embryos (Fry et ah, 1992) , the transitory production of LIF in mice has been implicated in the support of primitive endoderm formation in the embryo, while at the same time temporarily inhibiting further differentiation of primitive ectoderm and mesoderm (Shen and Leder, 1992 (Rehman et ah, 1994) , whereas STO cells performed a comparable role for ovine embryos (Rexroad and Powell, 1993) . Previous studies have shown that there is greater sequence homology between human and ovine sources of LIF than between ovine and murine sources of this cytokine (Fry, 1992 Farin and Farin, 1995; Massip et ah, 1996) and indicate that the co-culture protocol used enables embryos of sufficient quality to withstand the stresses imposed by exposure to cryoprotectants and low temperature.
